and . The yeast UEV protein, Mms2, is whose architecture is likely to be conserved among the known UEV/E2 complexes. We present mutagenesis exrequired together with Ubc13 for RAD6/RAD18-dependent postreplicative DNA repair in yeast (Broomfield et periments that demonstrate the importance of the quaternary arrangement of the heterodimer for in vitro enzyal., 1998; Hofmann and Pickart, 1999). In vitro, Mms2 and Ubc13 form a complex that catalyzes the assembly matic activity and in vivo DNA repair, and identify residues that participate in binding the two ubiquitin of K63-chains, which function as a specific signal in the DNA repair pathway (Hofmann and  proteins that become linked during conjugation. Based on our structural results and the catalytic properties of Spence et al., 1995) is contained in a long loop near the short helix 2 that Mms2 or UEV1a in the respective heterodimers, but the role played by the UEV subunit in catalysis and specificfollows ␤ strand 4 ( Figures 1A and 1C) . Mms2, the UEV protein, adopts a fold similar to Ubc13 and other E2 ity has not been understood. Here we report the 1.6 Å resolution structure of the Mms2/Ubc13 heterodimer, enzymes, but with several notable differences. The seven amino-terminal residues of Mms2, which participate in mutant against Ubc13 showed that it had a 50-to 100-fold reduced affinity for wild-type Ubc13 as measured complex formation with Ubc13, adopt a conformation that is atypical of E2s. This conformation allows the N by the ability to catalyze the formation of K63-linked diubiquitin ( Figure 3A) , while direct binding assays reterminus to participate in the dimer interface ( Figure 1A ). In addition, Mms2 is 16 residues shorter than Ubc13, vealed no detectable binding ( Figure 3B ). The Ubc13-E55A mutation also strongly reduces the affinity of and Mms2 residues C-terminal to helix 3 do not adopt the E2 fold. The vestigial active site loop of Mms2 (resiUbc13 for wild-type Mms2 ( Figure 3B ). Neither mutation affects Ubc13 ubiquitin thioester formation (data not dues surrounding Mms2-Gln94) is ‫44ف‬ Å away from the Ubc13 active site loop and is unlikely to function in shown), demonstrating that the decrease in chain synthesis ( Figure 3A and data not shown) is not due to catalysis ( Figure 1A, see below) . diminished recognition of the E2 active site by E1. The biochemical properties of these mutant proteins indiThe Mms2/Ubc13 Binding Interface cate that the targeted residues make important contribuThe asymmetric interface of the Mms2/Ubc13 heterotions to complex stability. dimer is formed by packing of Mms2 helix 1 against Deletion of the MMS2 or UBC13 gene inactivates the Ubc13 ␤ strands S3 and S4 (Figure 2A ). In addition, loop error-free branch of the yeast RAD6/RAD18 DNA repair residues 30-38 from Mms2 interact with Ubc13 residues pathway and sensitizes cells to DNA-damaging agents 72-83 (Figure 2A) Figure 3C ). To test the biological total surface area of 1,435 Å 2 . A particularly striking feaconsequences of disrupting the heterodimer interface, ture is the insertion of Phe8 of Mms2 into a hydrophobic we examined the effect of expressing Mms2-F8A topocket formed by residues Tyr57, Leu56, Glu55, and gether with wild-type Ubc13, or Ubc13-E55A together Arg70 of Ubc13 ( Figure 2B ). Phe8 is located in an inserwith wild-type Mms2, in yeast strains lacking endogetion that is unique to UEVs ( Figure 1C, green) . Leu83 of nous copies of both genes. Each mutant protein, when Ubc13 also participates in hydrophobic contacts with coexpressed with its wild-type partner, confers a DNA Mms2 residues Leu14, Leu30, Asp34, Ile36, and Met38. repair defect that is essentially identical to that of the Prominent hydrogen bonds are formed within the interstarting double null strain ( Figure 3C , compare open face between Ubc13-Glu55 and Mms2-Asn7, as well as circles and squares to inverted triangles). A similar result between Ubc13-Arg70 and the carbonyl group of Mms2-is obtained when the two mutant proteins are coexIle36 ( Figure 2C) . pressed (upright triangles, Figure 3C ). The failure of the Point mutations were introduced at the Mms2/Ubc13 mutant proteins to support repair was not due to poor interface in order to verify the importance of the contacts expression, as shown by Western blot analysis (Figure seen in the crystal structure for heterodimerization in 3D). These results verify the importance of Mms2-Phe8 vitro. Alanine was substituted for residue Phe8 of Mms2, and Ubc13-Glu55 for complex stabilization and provide both because it is a key residue mediating binding to direct evidence that the Mms2/Ubc13 complex, and not Ubc13 and because it is found in the two-residue insertion unique to UEVs (above). Titrating the Mms2-F8A just its individual constituents, is required for DNA repair. Figure 5B) . of ubiquitin that contacts the acceptor site (A. Raguraj These results demonstrate that neither channel 1 nor and C.P., unpublished results). We therefore positioned channel 3 serves as a binding site for the acceptor ubithe acceptor ubiquitin by requiring that ubiquitin Lys63 quitin. In contrast, the Ubc13-D81A mutation in channel approach Ubc13-Cys87 via channel 2 and that ubiquitin 2 led to diminished competition by the ubiquitin tetramer Ile44 contact the heterodimer surface. We further re-( Figure were introduced by whole-plasmid PCR using appropriate mutagenic primers via the Quick-Change mutagenesis kit (Stratagene). , 1999) 
Conclusions

